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ABSTRACT
With larger planting areas being used in greenhouses, evaluating crop evapotranspiration in a greenhouse has garnered
greater attention. Currently, calculating the reference crop evapotranspiration for a greenhouse crop through using the
Penman-Monteith formula recommended by FAO is difficult because the wind speed in a greenhouse is approximate
zero. In order to calculate reference crop evapotranspiration in a greenhouse by the Penman-Monteith modified formula,
a simplified model for calculating reference crop evapotranspiration in a greenhouse was proposed based on the energy
balance equation, which was the correlative function between reference crop evapotranspiration and radiation and
temperature. The model’s parameters were obtained through meteorological data taken from the inside of a greenhouse
in 2011. Then, the model was validated by using meteorological data within the greenhouse in 2012, and the fitted value
of the model agreed with the calculated value of the formulas with a determination coefficient (R2) of 0.9554. This
model is an easy means of calculating the reference crop evapotranspiration in a greenhouse because less meteorological
factors are needed. Furthermore, the model provides a theoretical basis for crop irrigation in greenhouses.
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INTRODUCTION
As a kind of inverse season cultivation,
vegetables that are planted in greenhouses are capable of
making full use of light, temperature, and other
meteorological elements for plant growth; therefore,
greenhouses not only benefits farmers, but they also solve
the shortage of slack season vegetables. Furthermore,
with the promotion of greenhouse crop cultivated area,
the crop water requirement in a greenhouse has become
an important focus area for research. Greenhouses have a
special environment that supports the growth of crops,
unlike in fields where the water requirement varies
greatly.
Extensive research into this area of study has
been conducted both at home and abroad. For example,
Wu et al. (2005) summarized the study progress of soil
water and heat transport in greenhouses. Katsoulas et al.
(2001) investigated the effect of greenhouse moisture on
canopy conductance of crop evapotranspiration. In
addition, Li et al. (2001) reported the effects of
electrolysis and transpiration on the yield of greenhouse
tomato under saline irrigation. Cecilia Stanghellini et al.
(2011), Medrano et al. (2005), and Rouphael et al. (2005)
analyzed the radiation effects on transpiration of
greenhouse crops. Moreover, Boulard et al. (2004) and
Kichah et al. (2012) simulated crop evapotranspiration in
a greenhouse based on the mechanism model of leaf
stomatal conductance and the computational fluid
dynamics model, respectively. The aforementioned
research work primarily estimated the evapotranspiration
of greenhouse crops from its physiological mechanism.
However, there is a need to measure the physiological
parameters of greenhouse crops, but this method for
estimating the evapotranspiration of greenhouse crop is
not easily or widely used.
Crop water requirements are generally
calculated via the water balance method (test methods)
and the reference crop method (theory of empirical
formula). In using the reference crop method to calculate
the crop water requirements, the first step is to calculate
the reference crop evapotranspiration and crop
coefficients. The reference crop evapotranspiration is
calculated using a modified Penman-Monteith formula
that is recommended by FAO in 1998 (Allen et al., 1998)
and is mainly suitable for weather information in the field.
With the development of protected agriculture as well as
an increase in greenhouse planting area, studies
conducted on the water consumption, yield, and quality
of greenhouse crops are becoming major issues for
investigation. The Penman-Monteith formula for
calculating the reference crop evapotranspiration in a
greenhouse as recommended by FAO is as
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follows:
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Where:
ETo –reference evapotranspiration, mm d-1; Rn -
net radiation at the crop surface, MJ m-2 d-1; G — soil
heat flux density, MJ m-2 d-1; T — mean daily air
temperature at 2 m height, °C; u2 —wind speed at 2 m
height, m.s-1; es —saturation vapor pressure, kPa; ea—
actual vapor pressure, kPa; es-ea —saturation vapor
pressure deficit, kPa; △ —slope of vapor pressure curve,
kPa°C-1; r—psychrometric constant, kPa °C-1.
However, because greenhouses have a high
temperature, a highly wet environment, and little wind
effects, using the latest Penman-Monteith formula
recommended by FAO to calculate the reference crop is
difficult. In calculating air dynamics impedance, Wang et
al. (2006) and Chen et al. (2007 a, b) proposed that the
air boundary layer within a daylight greenhouse belongs
to a non-neutral stable stratification. They adopted the
formula of calculating air dynamics impedance (ra) from
Thom and Oliver (1977) to replace the impedance
formula amended by Allen et al. (1994) in the Penman-
Monteith formula, which was adapted to consider the air
boundary layer as belonging to a neutral stable
stratification. Furthermore, the ET0 correction formula,
which is suitable for greenhouse crops, was proposed and
then subsequently validated using both the pan
evaporation method and the water balance method.
However, this corrected formula requires more
meteorological factors, and therefore, calculating the
formula can be cumbersome. Thus, the formula cannot be
used in a solar greenhouse with incomplete
meteorological data.  Based on the above reasons, it is
important to seek a simple approach of calculating the
reference crop evapotranspiration in a greenhouse.
Accordingly, an amended formula was proposed by
Wang Jian and is as follows:
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The meaning of the symbols and units in
formula (2) are the same as above. The formula is
explained as follows:
The corrected Penman-Monteith formula
primarily consists of two parts. The first part is the
radiation item, and the second is the aerodynamics item.
In a greenhouse, the wind speed is close to 0, and by
substituting U2=0 into formula (1), the aerodynamics item
of the reference crop evapotranspiration is 0. Therefore,
this does not clearly match the physical meaning of
formula (1), and as such, formula (1) cannot be used for a
direct calculation of the reference crop evapotranspiration
in a greenhouse. Wang et al.(2006) and Chen et al. (2007
a, b) cited the formula for calculating the aerodynamic
resistance proposed by Thom and Oliver and avoided the
situation at which the wind speed is close to 0 and the
aerodynamic resistance is infinity. The corrected formula
for calculating the reference crop evapotranspiration in a
greenhouse is more reasonable through experimental
verification. The model described above also requires
weather information and crop physiological indices,
which are difficult to apply.  Based on the energy balance,
the equation for estimating the reference crop
evapotranspiration in a greenhouse with less
meteorological data were derived.
MATERIALS AND METHODS
Process of deriving model: The heat balance equation
for evapotranspiration is as follows:
0 HLEGFrQQ (3)
Where:
Q — the total solar radiation, k.cm-2d-1; r —
reflectivity (dimensionless); F —effectivelongwave
radiation, k.cm-2d-1; G — the soil heat storageor soil heat
loss, k.cm-2d-1; L — the latent heat of evaporation, which
is 590k.g-1; E — evapotranspiration rate, mm.d-1; H —
the heat exchange of near-surface vertical turbulent,
k.cm-2d-1.
By dividing both sides of the above equation by
Q
, it becomes:
QHQGQFrQLE ///1/  （4）
Jin and Yang (1981) synthesized the following
formula form through plotting E/Q～T:
59/)08.0019.0( QTE  (5)
We assume that there is a linear relationship
between the reference crop evapotranspiration (ET0) in
the greenhouse and E:
ckEET 0 (6)
Inserting formula (5) into formula (6), we obtain:  cQTkET  59/)08.0019.0(0 (7)
As long as the coefficientsof k and c are
obtained, ET0 has a function ofglobal solarradiation,
Q,and mean temperature, T.
Calibration of the model’s parameters: The water
requirement of tomatoes in a solar greenhouse was
studied at the crop water requirement observation site at
the Farmland Irrigation Research Institute of CAAS
(North latitude 35.19°, longitude 113.53°, altitude 72.7m),
from April to September 2011. The greenhouse was 40m
long and 8.5m wide with a 273m2 planting area.
Moreover, it had sandy loam soil that was covered with a
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drip-free polyethylene film, while the outer cover was a
thermal keeping quilt. Each day, it was opened at 8:00 am
and closed at 18:30 pm. Additionally, the greenhouse had
no heating devices. It consisted of a 3.6m-high roof ridge,
a 2.88m-high back wall, and a 0.42m-thick wall, with
ventilation holes (24cm × 24cm) that were 1.2m above
the ground with a horizontal spacing of 3m. Its wall
structure consisted of 12cm of red brick, a 6cm thermal
insulation layer, and 24cmof red brick in thickness.
Moreover, the wall foundation was a brick-concrete
structure that was 76cm below ground, and the roofing
skeleton was pre-galvanized steel pipes with Φ 1.0 inch-
formed arch beams with 1.0m spacing. The front end of
the arch beam had foam heat insulation panels that were
30cm deep and 6cm thick, and below the panels, there
was a 10cm lime-soil cushion layer. Weather data was
obtained by an automatic weather station located within
the greenhouse.
By adopting the equation of calculating the
reference crop evapotranspiration in a greenhouse that
was proposed by Wang et al.(2006), combining the
global solar radiation Q and mean temperature T in the
greenhouse, the coefficients of k and c were estimated
according to formula (7):
K=1.2        c= -0.8
Calculating the reference crop
evapotranspiration in a greenhouse was then simplified to
the following:
8.0)08.0019.0(02.00  TQET (8)
RESULTS AND DISCUSSION
The simplified formula (8) above and formula
(2) that was presented by Wang et al.(2006) were
validated as follows:
The meteorological data collected while
growing tomatoes in a greenhouse from March 14 to July
6, 2012, were used to validate the above formula.  Figure
1 shows a scatter chart of the simulated values and actual
calculated values of the reference crop evapotranspiration
for a greenhouse crop. The simulated values represent the
calculated values of formula (8), and actual values were
the calculated values of formula (2). As can be seen from
Figure 1, there is a linear correlation between the
simulated values and the actual calculated values
( XY 1.0702 ), with a correlation coefficient of
R2=0.9661 (n=155). Through statistical analysis, it was
determined that t=9.94, t0.05 (114), =1.99, and t0.01 (114) =
2.64.Thus, the correlation was very significant both at the
level of  = 0.05 and  = 0.01.  Table 1 reveals that the
model had a mean deviation (MD) of 0.18, a mean
prediction error (MPE) of 0.20, a mean prediction square
deviation (MSPE) of 0.07, a root-mean-square deviation
(RMSE) of 0.27, and a skewness of 7.02.
Figure 1. ET0 mapping between actual calculated
values and simulated values
Figure 2. Change in ET0 trend over time
Figure 2 presents the changes in the ET0 curves
of the simulated value and actual calculated value with
time. From Figure 2, the ET0 of both the simulated and
actual calculated values increased over time, as did both
the average temperature and sunlight intensity. Before
June, there was little difference in the ET0 between the
simulated values and actual calculated values, but after
June, there was a greater deviation, which was consistent
with the results of Chen et al. (2007 a, b).
Table 1.The error statistics of the model
Error name MD MPE MSPE RMSE
Numerical value 0.18 0.20 0.07 0.27
In March, April, and May, the heat generated by
the total solar radiation was small, and the temperature
changes in the greenhouse were not obvious. However,
unique meteorological conditions appeared in the
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greenhouse in June, July, and August as there was both
high humidity and high temperatures present.
Additionally, the total radiation items increased greatly in
the greenhouse due to the radiation reflected from the
ground and plastic cover, which then raised the
temperature in the greenhouse, and the greenhouse effect
was obvious. This led to greater simulated values. In
addition, the high temperature and high humidity caused
the gradient of aerodynamic items to be reduced, which
also resulted in great deviation in the simulated values.
Furthermore, the simulation results of the
reference crop evapotranspiration in a greenhouse that
were obtained by different researchers(Möller et al.,
2004; Tanny et al., 2006; Dicken et al., 2013; Pirkner et
al., 2013) were different, but these differences were
caused by differences in methods, climate, and planting
crops.
Through simulating the reference crop
evapotranspiration of a greenhouse crop based on energy
balance, the simplified equation was proposed with fewer
data and high simulation accuracy, which results in a
simple, easy, and accurate simulation of the reference
crop evapotranspiration of greenhouse crops.
At present, there is not a common international
standard for simulating the reference crop
evapotranspiration in greenhouse water requirements, and
it was validated using different standards. Therefore, in
future research, a generic model will be established to
improve the simulation precision like the Penman-
Moteith equation proposed by FAO in 1998. After
establishing a generic model, the crop coefficients in a
greenhouse can be further calculated, which will play an
important role in developing the irrigation scheduling of
greenhouse crops.
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